Single longitudinal mode (SLM) operation of a 620 nm diamond Raman laser is demonstrated in a standing-wave cavity that includes a second-harmonic generation element. Mode competition provided by the harmonic mixing is shown to greatly increase mode stability, in addition to the benefits of the spatial-hole-burning-free gain medium. Using a multilongitudinal mode 1064 nm Nd:YAG pump laser of power 321 W and linewidth 3.3 GHz, SLM powers of 38 W at 620 nm and 11.8 W at 1240 nm were obtained. The results indicate that simple standing-wave oscillators pumped by multimode Yb or Nd pumps compose a promising practical route towards the generation of high-power SLM beams in the yellow-red part of the spectrum. [7] [8] [9] , and laser isotope separation [10, 11] . In many of these applications, high output power is crucial for improving signal-to-noise ratios and to enable interaction with large ensembles. Dye lasers, despite their wellknown disadvantages relating to poor lifetime and the practical inconvenience of regularly exchanging toxic liquids, and despite much effort in developing all-solid-state alternatives, continue to be an important workhorse in many applications (see, e.g., [11] ). Their persistence is symptomatic of a lack of solid-state lasers materials with suitable emission spectra and, in the case of optical parametric oscillators [12] [13] [14] , difficulties in reliably sustaining efficient phase-matched operation in the continuous-wave (CW) regime. Hence, there is a need for alternative laser technologies to address this technology gap.
Single longitudinal mode (SLM) lasers operating in the visible range are of intense interest for applications in spectroscopy [1] , atom cooling [2] , atomic clocks [3] , optical magnetometry [4] [5] [6] , sodium guide star [7] [8] [9] , and laser isotope separation [10, 11] . In many of these applications, high output power is crucial for improving signal-to-noise ratios and to enable interaction with large ensembles. Dye lasers, despite their wellknown disadvantages relating to poor lifetime and the practical inconvenience of regularly exchanging toxic liquids, and despite much effort in developing all-solid-state alternatives, continue to be an important workhorse in many applications (see, e.g., [11] ). Their persistence is symptomatic of a lack of solid-state lasers materials with suitable emission spectra and, in the case of optical parametric oscillators [12] [13] [14] , difficulties in reliably sustaining efficient phase-matched operation in the continuous-wave (CW) regime. Hence, there is a need for alternative laser technologies to address this technology gap.
Recent developments in Raman lasers have demonstrated the potential for SLM output in the CW regime [15] [16] [17] [18] [19] [20] [21] [22] [23] . In particular, the high Raman gain and thermally conductive material diamond has provided a substantial extension to the range of capability [21] [22] [23] . It was shown that thresholds were as low as 1.8 W using an external cavity resonant at the pump and Stokes wavelengths [23] , and 15 W for a cavity singly resonant at the Stokes [21] . In the latter case, it was also shown that SLM can be achieved in a standing-wave cavity, despite the gain spectrum spanning of several tens of modes, due to the absence of stored energy in the gain medium and, therefore, also spatial hole burning (SHB) in the gain medium [21] . Up to 4 W was demonstrated without the need for additional elements such as etalons or birefringent filters.
In inversion lasers, SLM relies on the suppression of instabilities introduced by SHB and residual inhomogeneities in the gain spectrum. Mitigation methods have involved one, and sometimes more, design elements, including ring cavities, etalons, and birefringence filters, twisted modes, and short (microchip) cavities. Not all of these are compatible with high power and add complexity. Intracavity second-harmonic generation (SHG), as well as providing an efficient route to CW visible output without the need for quasi-phase-matched materials, provides a valuable additional mechanism for increasing gain competition and, therefore, enhancing SLM stability [24] . Nascent secondary modes experience double the nonlinear loss due to the role of sum frequency generation with the primary mode, provided that the phase-matching acceptance bandwidth is larger than the gain bandwidth [24, 25] . This concept has been used in combination with one of the above techniques (usually ring cavities) to suppress secondary modes experiencing gain due to gain profile inhomogeneities or SHB. The resulting output was low noise SLM output that avoided the so called "green problem" [26] . Powers up to 101 W for the fundamental [27] and 30.2 W for the SHG [28] have been achieved through such second-harmonic self-suppression.
Since Raman gain can provide a homogeneous gain profile and avoids SHB [21] , there is an opportunity to develop simple standing-wave SLM lasers and with prospects for additional stability provided by the action of intracavity SHG. Here we report the output spectral characteristics of an intracavity SHG diamond Raman laser (DRL) of the type recently reported in Ref. [29] . We observe a collapse in the fundamental spectrum to SLM as the intracavity harmonic phase-matching conditions are optimized, enabling much higher SLM output powers to be achieved. Furthermore, we report for the first time, to the best of our knowledge, an SLM Raman laser pumped using a multi-longitudinal mode (MLM) input.
The Raman standing-wave cavity, shown in Fig. 1 , was similar to that reported in Ref. [29] . Briefly, it consisted of two planoconcave mirrors, an input mirror of 50 mm radius of curvature highly transmissive (99.2%) at the pump wavelength, highly reflective (99.98%) at the Stokes wavelength and partially transmitting (65%) at the SHG wavelength. The output coupler had a 100 mm radius of curvature, was highly reflective (99.8%) for the pump, and provided approximately 0.4% and 30% transmission for the Stokes and the second harmonic. An anti-reflectioncoated diamond (low-birefringence, low-nitrogen, CVD-grown single crystal, Element Six Ltd.) with dimensions of 8L mm × 4W mm × 1.2H mm was inserted at the waist of the near-concentric resonator. The SHG nonlinear crystal was a 10L mm × 4W mm × 4H mm LiB 3 O 5 (LBO) crystal which was cut at θ 85.8°, ϕ 0°and placed approximately 4 mm away from the diamond crystal. The LBO was rotated about 35˚from the horizontal plane, so that its slow axis was parallel to the diamond h111i axis. A plano-convex lens with f 100 mm was used for focusing the pump beam into the diamond, resulting in a waist radius of about 45 μm. A half-wave plate was used to align the pump polarization direction with respect to the diamond h111i axis providing the highest Raman gain [30] . An optical isolator was used to prevent the feedback into the pump. The isolator together, with a second half-wave plate, also enabled the adjustment of the power into the Raman laser.
The pump source was a 1064 nm diode-pumped Nd:YAG laser providing up to 321 W on-time power in a rectangular pulse with a 0.25 ms pulse width and 40 Hz pulse repetition rate (1% duty cycle). Due to the high thermal conductivity of diamond, thermal gradients establish in the diamond on the timescale of a few microseconds, so that the Raman laser behavior during the majority of the pulse is representative of steady-state CW operation under the assumption of fixed diamond surface temperature [31] . The optical length of the pump laser cavity was 0.5 m providing a cavity mode spacing of approximately 0.3 GHz. The pump spectrum, measured using a spectrometer (virtual imaging phased array type [32] with silicon sensor; Model HF-8991-3, LightMachinery) with a resolution of 0.7 GHz had a FWHM bandwidth of 3.3 GHz (refer to the lefthand side of Fig. 2 ). The Stokes spectrum was measured by a second spectrometer (HF-8997-2, LightMachinery; resolution of 0.8 GHz) equipped with an InGaAs sensor. This type of virtual imaging spectrometer allows the capture of high-resolution spectra at wavelengths, gating times and frame rates determined by the capabilities of the CCD (for InGaAs one: 1000-1520 nm, 6 μs, and 340 Hz, respectively; for silicon one: 800-1100 nm, 17 μs, and 600 Hz, respectively). In the experiment, the spectrometer was gated for 25 ms and with a rate of 60 fps to enable the capture of single consecutive pulses. The longitudinal mode structure of the SHG output was measured using a scanning Fabry-Perot interferometer with a resolution of 7.5 MHz (ThorLabs, SA200-5B).
The laser spectrum was first analyzed without the LBO crystal in order to form a basis for analyzing the action of SHG. The optical path of the standing-wave cavity providing maximum output was 163 mm, corresponding to a longitudinal mode spacing of 0.92 GHz. The Stokes output power and spectrum were measured through the output coupler. The Stokes and residual pump power as a function of the pump power is plotted in Fig. 3(a) . Above the threshold of 50 W, the output increases approximately linearly with a slope efficiency of 43%. At a pump power of 312 W, a first-Stokes (1240 nm) output of 112 W was achieved corresponding to 36% conversion efficiency. The output spectrum at the highest power is shown in Fig. 3(b) . The spectrum centered at 1240 nm had a FWHM bandwidth of 35 GHz. The inset shows the detail around the line center, where individual modes are shown to be just resolved by the spectrometer. The diamond Raman gain profile is a 45 GHz FWHM Lorentzian when pumped by a SLM source. Therefore, here the convolved gain profile of 48.3 GHz FWHM (which includes a 3.3 GHz pump bandwidth) is overlaid for comparison with the spectrum. It is clear that the output spectrum, composed of more than 50 longitudinal modes, has a similar FWHM to the expected gain profile. When the pump power was decreased, the output spectrum narrows markedly (while the gain width stays fixed). Figure 3(c) shows the FWHM linewidth decreased to 19.5, 0.86, and 0.84 GHz for output powers of 66, 29, and 6.5 W, respectively. Note that the quoted width for 6.5 W corresponds to an SLM and is measurement resolution limited.
When the LBO crystal was placed in the oscillator with the phase-matching temperature near optimal (approximately 40°C), SLM was achieved over the entire investigated power range with a 620 nm linewidth less than the instrument limitation of 7.5 MHz. The optical length of the standing-wave cavity in this case was 173 mm, corresponding to a cavity mode spacing of 0.87 GHz. The calculated beam waist radii in the diamond and LBO were 53 and 75 μm, respectively. At a pump power of 321 W, the output spectrum of the Stokes was instrument limited and composed a SLM, as indicated in Fig. 2 . SLM output was achieved in the presence of MLM pumping, a feature that, to the best of our knowledge, has not been demonstrated previously.
The stability of the output spectrum was characterized by recording 300 consecutive pulses, as shown in Fig. 4 . Though the laser mode builds from spontaneous scattering for each repetitive pulse, it is found that the laser runs reproducibly on the same cavity mode for more than 90% of pulses. As there was no cavity length control, the dominant Stokes mode was likely to be sensitive to small drifts in cavity length and pump spectrum. It was noted that the minimum mode-hop corresponded to around three cavity free-spectral-ranges (FSRs), which we attributed to interference (i.e., parasitic cavities) between the normal incidence crystal faces in the resonator. During the hop-free periods, the frequency stability was less than the instrument width of 0.4 GHz.
The loss introduced by the nonlinear SHG crystal is the key to increasing the gain competition against secondary laser modes and for increasing the power range of SLM. Thus, the phase mismatching conditions in the LBO have a direct influence on mode suppression. Figure 5 shows the evolution through SLM from MLM operation, as the LBO temperature is scanned through its optimum. SLM was obtained for temperatures between 39.2 and 41.5 deg whereas, outside this range, the linewidth increased steeply to up above 20 modes for a temperature shift of a few degrees. The SHG output power versus LBO temperature is also shown in Fig. 5 . The experimentally determined temperature acceptance is about 7 K (full-width) which is reasonable agreement with the calculated value of 7.6 K for the 1 cm long crystal (Ref SNLO [33] ).
The SHG 620 nm output power was the sum of power measured through the output coupler and the turning mirror, and corrected to include the loss through the partially transmitting turning mirror, plano-convex lens, and half-wave plate. The total SHG power, along with the Stokes and residual pump powers, are plotted in Fig. 6 as a function of the incident pump power. The threshold was 95 W, beyond which the 620 and 1240 nm output attained maximum powers of 38 and 11.8 W (power instability <10%), respectively, at the incident pump power of 321 W. The optical-to-optical conversion efficiency from 1064 to 620 nm was 12%. As reported previously for this type of device [29] , the output beam was near diffraction limit (beam profiles at maximum power are included in Fig. 6 ).
The results show that the addition of SHG self-suppression greatly increases the power range over which stable SLM is obtained. 38 W SLM output was demonstrated at 620 nm, whereas only up 6.5 W was obtained at 1240 nm for the same device without the SHG element. Given that the majority of source instability is due to thermally induced cavity length fluctuations [21] , these results suggest that additional gain competition provided by the self-suppression strongly mitigates this effect.
It is also found that the action of the intracavity SHG also simultaneously enables an increase in the residual fundamental SLM output power (from 6.5 to 11.8 W). This result holds promise for using SHG as a method for increasing fundamental SLM output (with the second harmonic incidental to the device), similar to that demonstrated for inversion lasers (see, e.g., [27] ). This may be achieved in the present device, for example, by increasing the output coupling at the Stokes wavelength to increase its proportion in the output. Though this is expected to also reduce the SHG nonlinear coupling and, therefore, possibly the temperature acceptance range, there is expected to be an optimum point that may generate higher power.
A further feature of the current external-cavity design is that the cavity is non-resonant at the pump frequency, thereby allowing the laser to be pumped without mutual control of the wavelength and cavity length and by using MLMs with a spacing different from the DRL FSR. To the best of our knowledge, this is the first time that SLM has been achieved in a Raman laser with MLM pumping and, thus, a significant step for broadening the choice of lasers that are suitable as pumps. Consequently, high-power SLM lasers based on lower-cost and higher-power multimode lasers are foreshadowed.
In the present experiments, the coatings of input mirror and output coupler were not optimal for efficiently extracting the 620 nm laser in a single output beam. Hence, a natural next step is to optimize the cavity design and mirror coatings to increase the efficiency of either the Stokes or SHG output. A further important requirement for many applications is to enable continuous operation using a CW pump. The concept may be applied to other pump laser technologies to allow access to other wavelengths, including tunable output. In the future, for example, we aim to adapt the concept to an Yb 3 -doped CW 1018 nm pump to demonstrate a high-power CW SLM 589 nm laser for the application in a sodium guide star.
In summary, we have demonstrated a novel approach to high-power SLM lasers in visible and infrared regions, well suited to address the demand in applications such as guide star lasers, isotope separation, and optical magnetometry. The design is based on a simple standing-wave cavity pumped by an MLM laser, and avoids the use etalons and birefringent filters. 
